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Abstract 
This paper reports room temperature torsional behavior of solution annealed 15Cr-15Ni Titanium modified austenitic stainless 
steel (Alloy D9) up to 200% strain in the strain rate range 0.001-1 /s in steps of a decade. Specimens of 10mm gauge diameter 
and 25mm gauge length were used in the tests. Free-end torsion tests maintaining zero axial force on the specimen were carried 
out till specimen rupture. Acquired torque twist data has been converted to shear stress – shear strain data using Nadai’s 
formulation for torsion of solid bars. At lower strain rates up to 0.1 /s the material exhibited periodic hardening and softening till 
failure. The no. of periods in hardening/softening cycles decreased with increase in strain rates. Serrated flow was observed after 
a certain strain level. 
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1. Introduction 
To meet the energy challenges in the coming decades, it is becoming more and more necessary to develop 
advanced and alternative technology for power generation. Fast reactor is one of the means to meet the power 
demand in future, which is the main focus of Indira Gandhi Centre for Atomic Research (IGCAR), Kalpakkam. 15-
Cr-15Ni Titanium Modified Austenitic Stainless Steel or Alloy D9 is one of the most essential materials which is 
used as a clad and wrapper material for nuclear fuel. Extensive literature can be found on the material development 
and characterization in IGCAR for Prototype Fast Breeder Reactor (PFBR) in literature [1-9]. 
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Manufacturing of Alloy D9 clad tubes and wrappers include cold pilgering after hot tube extrusion. Large 
strains are imparted into the material in the cold pilgering process. Hence, evaluation of cold workability of alloy D9 
is of paramount importance towards realizing defect free products through efficient process design. Although 
compression testing is widely used in evaluation of workability of materials, it has limitations in terms of maximum 
level of strain that can be imparted into the specimen. Typically compression tests are performed up to true strain 
levels of 0.9, whereas the material often undergoes deformation deformation beyond this level in actual cold 
forming processes. Pure torsion testing can be used to evaluate workability of materials as it imparts large 
deformation/strain to the specimens without any appreciable shape change in the gauge section. The torsion test is 
preferred test for obtaining flow stress data and unambiguous indications of failure and microstructural response 
from deformation processing because of the large strains that can be achieved under relatively uniform deformation 
conditions [10].  
This work aims at evaluating the room temperature torsional flow behavior of alloy D9 at different strain 
rates. These flow stress data would be useful for evaluating cold workability of the alloy.  
2. Experiments 
Pure torsion testing at room temperature was carried out using solid specimens of alloy D9 as shown in 
Fig.1. Tests were carried out in the strain rate range of 0.001 – 1 /s in steps of a decade. All the tests were carried out 
till specimen rupture. The specimens had a gauge length of 25 mm and gauge diameter of 10 mm with a fillet radius 
of 5 mm. The average composition of the material studied is given in Table 1 [4], 
Table 1: Chemical composition in weight % 
Element C Mn Si S Cr Ni Mo Ti Co Fe 
Weight 
% 0.052 1.509 0.505 0.003 15.051 15.068 2.248 0.315 0.015 
Balance
The Ti addition was done to increase the void swelling capacity of 316L austenitic stainless steel [10].  
All the specimens were machined from solution annealed rods of alloy D9. Solution annealing was carried 
out at 10500C in air for half an hour followed by water quenching. 
Pure torsion of the specimens was ensured by maintaining zero axial force throughout the tests. As torsion 
tests subject the specimen to very large plastic strains, substantial deformation heating of the specimen occurs. This 
large increase in specimen would lead to softening of the material, thereby necessitating large temperature 
corrections of flow stress. To minimize the inevitable deformation heating of the specimen, all the tests were carried 
out under continuously flowing water at room temperature. The surface temperature of the specimen at the gauge 
section was recorded in synchronicity with angle of twist, torque, stroke and axial force with respect to time.  
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3.2 Torsional Flow Curves 
The torque-twist data recorded during the tests were converted into shear stress – shear strain curves 
following Nadai’s approach [11] using equation (1). Shear Strain was calculated using equation (2). Von-Mises 
stress and strain were calculated using standard equations. 
 
࣎ ൌ ͳʹߨݎଷ ൬͵ܯ ൅ ߠ
݀ܯ
݀ߠ ൰ (1) 
ߛ ൌ ݎߠܮ  
(2) 
Where, 
Ĳ = Shear stress 
r = Outer radius at gauge section 
M =Torque 
ߠ = Angle of twist 
L = Gauge length 
 
The von-Mises stress strain curves for alloy D9 at room temperature in the strain rate range 0.001 – 1 /s in 
steps of a decade up to strain level of 200% are shown in Fig. 3. Comparison of strain hardening rates is shown in 
Fig. 4. The stress – strain curves exhibited periodic hardening and softening with respect to strain. The periodic 
hardening/softening was prominent beyond total strain of 100 % for strain rates from 0.001 to 0.1 /s. The failure 
strain reduced substantially at strain rate of 1 /s. The periodic nature of strain hardening/softening was not observed 
at 1 /s. However, serrated flow was observed at strain rate of 1 /s beyond 50% strain. From the stress-strain curves it 
can be seen that the shear ductility of alloy D9 is quite high. 
At strain rate of 0.001 and 0.1 /s, the flow curves exhibited similarity in the hardening/softening pattern 
with respect to strain. After initial rising strain hardening rates, the strain hardening saturated at around 50% strain. 
Subsequently, strain hardening rate increased again reaching a peak at around 100% strain followed by flow 
softening up to around 130% strain. Strain hardening raised again subsequently reaching another peak, higher than 
the first peak, at around 165% strain followed by another round of flow softening. The strain hardening amplitude 
increased chronologically from the first peak to second peak in stress. At strain rate of 0.01 /s, saturation in flow 
curve occurred at much lower strain of around 30% followed by increase in strain hardening rate from around 50% 
onwards until it reached the first peak stress at around 80% strain. Flow softening occurred subsequently up to 100% 
strain followed by 2nd round of strain hardening up to 140% strain. At this strain rate too, the stress amplitude 
increased from the first peak to subsequent peak stresses. 
Strain hardening occurred due to generation and pile up of dislocations at barriers like grain boundaries 
during deformation. When the dislocation pile up reached a critical limit, continuous supply of distortion energy 
through torsional strain resulted in breakdown of the pile up barrier resulting in slip on a new plane. This breakdown 
of dislocation pile up barrier resulted in flow softening, which continued until beginning of second round of 
dislocation pile up. Due to high level of strains accumulated in torsional deformation, substantial grain refinement 
occurred through severe plastic deformation. This grain refinement resulted in availability of additional grain 
boundary barriers for dislocation pile up thereby resulting in increased strain hardening and raising the second peak 
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stress. These cycles of flow hardening and softening continued until the specimen ruptured. In other words we can 
say the increase in dislocation density makes dislocation propagation (as a mechanism for glide) more difficult, 
implying the application of larger load to realize the same deformation compared to that at an earlier stage of plastic 
deformation. To push one of two parallel dislocations, with parallel slip planes, past the other one, a shear stress is 
required that depends reciprocally on the distance between the dislocation lines. The average distance between 
dislocations in a random distributation can be estimated as the reciprocal of the square root of the dislocation density 
(ȡ). Thus it follows that the increase of the strength (yield strength, shear stress, hardness) upon strain hardening due 
to dislocation generation can be given as [12],  
 
 ߂ሺܵݐݎ݁݊݃ݐ݄ሻ ൌ ܿ݋݊ݏݐܽ݊ݐ ൈ ξߩ   
 
 
 
 
Fig 3 von-Mises equivalent stress - strain curves for alloy D9 at room temperature 
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Fig 4 Strain hardening rates of for alloy D9 at room temperature 
 
4. Summary 
Pure torsion tests were performed on 15Cr-15Ni Titanium Modified Austenitic Stainless Steel, referred as 
alloy D9, at room temperature. Alloy D9 exhibited periodic hardening and softening with respect to strain at low 
strain rates with substantial shear ductility. At higher strain rate, the shear ductility was substantially low.  
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